A coherent Doppler lidar has been developed using a hybrid CO2 laser with a low pressure gain section below the threshold.
Introduction
Wind data is one of the most fundamental quantities when dealing with atmospheric problems. It is especially important to develop a remote sensing system to observe wind as an accurate monitoring method to obtain three-dimensional wind profiles. Compared with recent VHF and UHF Doppler radar systems, Doppler lidar has some advantages in the observation of atmospheric wind due to its shorter wavelengths.
These wavelengths are more than 4 orders of magnitude shorter than the radio wavelengths used in radar observations.
The diffractionlimited lidar beam divergence is over 2 orders of magnitude smaller than the diffraction-limited radar beam divergence, even when the comparative dimensions of the lidar's telescope and the radar's antenna are taken into consideration. The entire lidar system is small enough to set up in automobiles, airplanes or even on satellites. The use of these lidar systems allows a three-dimensional wind profile to be observed over a wide range with very fine space resolutions.
As a space-borne lidar to sound tropospheric wind system, NASA is preparing a LAWS ©1991, Meteorological Society of Japan (Laser Atmospheric Wind Sounder) mission for a Doppler coherent lidar. Here, the term *coherent* means that the lidar uses coherent heterodyne detection with a local oscillator cw CO2 laser. Data obtained by the Doppler lidar in space should provide information it is not possible to obtain with wind observations using the balloon observation network. It will also be used to make more accurate numerical weather predictions by supplying detailed initial-condition data for numerical general circulation models. Doppler lidar wind measurement is not yet common, though there are several advantages in measuring wind with Lidar, as mentioned above. This is because it is difficult to make a high-power pulse laser that both oscillates in a single longitudinal mode and is sufficiently stable. Recent developments in near-infrared solid-state lasers have begun to provide new laser sources for Doppler lidar (Kavaya et al., 1989) . Presently, however, the CO2 laser is still the only laser for Doppler lidar applications. There are basically three methods of obtaining CO2 pulse lasers for Doppler lidar which oscillate in a single longitudinal mode. The first method is by amplifying a pulse-isolated single mode cw CO2 laser (e.g. McCaul et al., 1986) to make a single-mode laser pulse. The laser mode obtained by this method is excellent. However, the output energy per pulse is as low as a few tens of mJ, though the laser system physical dimensions are large. The second method is locking a CO2 TEA (Transverse Electric discharge at Atmospheric pressure) pulse laser by injecting a single mode cw CO2 laser, or by the injection locking method (e.g. Menzies et al., 1984) . Output energy as high as a few joules with a good longitudinal mode can be obtained with relatively small system dimensions by using this method. However, difficulties still remain in making a reliable laser system with high injection locking efficiency. The third method is using a hybrid-type CO2 laser which has a low pressure cw discharge gain section and TEA section within the same cavity (e.g. Lawrence et al., 1983) . The low pressure gain section is operated above the threshold in the former lidar applications. The TEA laser shows a single mode oscillation with this hybrid configuration. The offset frequency between the TEA pulse laser beam and the local oscillator for heterodyne detection was fixed by monitoring the IF signal between the cw laser oscillation of the low pressure gain section and the local oscillator.
We constructed a coherent Doppler lidar using a hybrid CO2 laser whose gain section operates below the threshold, though the above third type uses a gain section operating above threshold. It also exhibits a single mode oscillation with the gain cell, though the cell itself does not have enough gain to provide cw laser oscillation. Since we can not use cw laser oscillation from a low pressure gain cell, the offset frequency between the TEA laser and the local oscillator is fixed by the digital locking loop described below. The output energy of the laser is about 100 mJ/pulse. This value is smaller than of the injection-locking type laser, but larger than the amplified cw laser. The sections following describe the configuration of our lidar system and wind measurement performance.
Principle of observation
The spectrum of a single-wavelength light beam is broadened when the beam is scattered by scattering particles because of the random motion of the particles and the resulting Doppler shift. The Doppler broadening by aerosol particles is much smaller than the Doppler shift by wind. The average velocity of the aerosol particles by Brownian motion is of the order of 0.01 mm/sec. On the other hand, the wind velocity is of the order of 1 m/sec, and velocity of the thermal motion of atmospheric molecular particles is of the order of 100 m/sec. The spectrum broadening by the Brownian motion, by the thermal motion, and the spectrum shift by wind at 10 ,m are of the order of 1, 107, and 10* Hz, respectively (e.g. Michelangeli et al., 1972 where f is the Doppler shift frequency, v is the radial wind velocity, and )1 is the wavelength of the laser.
Here, v has a positive value for the direction away from the lidar.
The lidar system
The block diagram of the coherent Doppler lidar system is shown in Fig. 1 . The hybrid CO2 laser is model PRF-3005 manufactured by Laser Science Inc.. This laser has a low-pressure gain section cell that operates below the threshold. The laser pulse shows a single longitudinal mode oscillation with the cell. The maximum pulse repetition rate of the laser is 300 Hz. However, since turbulent vibration of the laser gas is caused by rotation of a cross-flow fan in the TEA section, the laser oscillation frequency fluctuates periodically with the rotation period of the fan. The cross-flow fan is used to cycle fresh laser gas between the transverse discharge laser electrodes, enabling fast repetition rates for laser pulses. To stop these variations in frequency, fan operation was eliminated and the laser was operated at a slower repetition rate of 1 Hz. Laser gas flow into the TEA section was also shut off because the laser frequency also fluctuated due to the inflow of fresh laser gas. Even though the gas flow was closed, the laser gas lifetime is long enough for the lidar application without much decrease in the output energy, and it takes more than ten thousand shots or over three hours of operation for the output energy to decrease 50 * energy per pulse at a 1 Hz laser repetition rate.
After this modification to the pulse laser, the main cause of the frequency variation of the laser is thermal expansion of the invar rods which stabilize the laser cavity length. The offset frequency between the pulse laser and the local oscillator cw laser (LO) is locked as follows: The intermediate frequency (IF) signal between the light scattered from the system mirror surfaces and the LO is detected by at a photomixer (MXR) and is A/D converted. The signal frequency is computed with an FFT by a 16-bit microcomputer. The cavity length variation is calculated by the variation in the offset frequency, and the cavity length is compensated by negative feedback through the D/A converter, DC amplifier, and PZT at the output mirror of the hybrid CO2 laser. The thermal expansion of the cavity length is well compensated by this feedback loop at a 1 Hz pulse repetition rate with the temperature variation in our laboratory environment. Pulse-to-pulse variation of the laser oscillation frequency is within 500 kHz. The output laser pulse is collimated with two telescopes. The laser beam is expanded from 5 to 10 mm* through the first telescope (T1). The beam is then expanded to 10 cm*b through the first half of the second 25 cm* parallel-to-parallel off axis telescope (T2), and scanned by a beam scanning mirror (SM).
Backscattered beams from the atmosphere are collected with the 10 cm*b of the remaining half of the 25 cm* telescope. This beam is mixed with the LO beam at the partial reflection mirror (M1), then focused on the HgCdTe photomixer (MX) whose element size is 0.2 mm through the meniscus focusing lens (L1) whose focal length is 125 mm.
Beam overlap of the transmitter and receiver is aligned as follows: Rough alignment is achieved with a corner reflector placed a few meters away from mirror M3 and with a He-Ne laser whose beam axis overlaps the hybrid laser axis. Transmitting and reflecting beam axes are separated by 12 mm. The reflected He-Ne laser beam is aligned to focus onto the mixer by adjusting mirror M2. The LO beam is also adjusted to overlap the He-Ne beam at mirror M1, and is then focused on MX by mirror M1. The next procedure in the alignment is made with a target which is about 750 m away from the laboratory. Further adjustment of mirror M2, LO beam overlap at M1, and Ml are made so that direct and IF signals from the target attain a maximum value. Final alignment is made after positioning T2 and SM. Using the signal echo from cloud at altitudes of several kilometers, angles of M3, M2, Ml and the position of T2 are finely adjusted to detect a maximum IF signal.
The IF signal from MX is A/D converted and stored on floppy diskettes. The beat frequency is computed with an off-line microcomputer using an FFT. Doppler shifts of the echoes are calculated for each laser pulse as the difference between the offset frequency measured at the offset locking feedback loop and the FFT-computed atmospheric echo. An averaged Doppler shift of several tens of laser pulses is used as a final result.
Results
The lidar system was used to detect the atmospheric return. Figure 2 shows an example of a heterodyne IF signal of the returned echo from the atmosphere for one laser shot. The unit of the abscissa was translated from time interval (dt) to range (L) by the equation where c is light speed. The saturated signal of the first 200 m is caused by the surface-scattered CO2 laser pulse at mirrors in the lidar. In this case, the signal near the 3 km range is almost in the noise level, and the S/N ratio of the atmospheric echo signal decreases to smaller than unity at about 2 km. Figure 3 shows the expanded figure of Fig. 2 for the range 500 to 800 m. Though filtering was not used, a sinusoidal variation of the heterodyne IF signal is clearly seen. Figure 4 shows the power spectrum of Fig. 3 . The peak of the spectrum is at 11.5 MHz. The offset frequency between the TEA laser and the local oscillator is 12.5 MHz. The local oscillator frequency is higher than the frequency of the TEA laser. Therefore, this 1.0 MHz Doppler shift by the wind is a positive value. From Eq. (1), the average radial component of the wind velocity in the 500 to 800 m range is 5.0 m/sec, and the direction is away from the lidar site.
In order to measure the wind velocity vector, the optical axis of the lidar was switched from the west to the north direction through the windows of the laboratory room. We assumed that the wind field is horizontally symmetrical within the region of observation, and that the vertical component of wind is negligible. The elevation angle of the lidar optical axis was about 10 degrees. The repetition rate of the TEA laser was 1 Hz. Observations were made for 1 min. in each direction intermittently. The Doppler shift of the FFT-calculated spectrum was averaged over these observations. An example of the vertical wind speed and direction profiles is shown in Fig. 5 . The wind profile was observed up to about 400 m altitude, just after the passage of a cold front over the lidar site.
The time variation of the wind vector on another clear calm day is shown in Fig. 6 . Here, the variation of wind direction at the lowest height observed by the lidar, or roughly 40 m, coincided with the wind direction measured by a wind vane. The vane was positioned on the roof of a laboratory building at a height of about 20 m. The wind direction changed from north to south at around 1500 JST. The upper height limit of the observed wind increased after the wind changed direction at 1500 JST. This was because the aerosol density at the higher altitude increased after the change in wind direction. These wind and aerosol density variations strongly indicate that they were caused by the passage of a sea breeze front (Nakane and Sasano, 1986) .
Discussions
To construct a single mode TEA laser, we first tried to use injection mode locking. This type of laser requires complicated frequency tuning between the local oscillator and the injection cw lasers, and between the injection laser and the TEA cavity length. Despite such tuning it was difficult to obtain a good locking efficiency. Next, we constructed the system as mentioned above. A single-longitudinalmode laser pulse can be rather easily obtained by using a gain cell. Frequency can be controlled by a much simpler configuration using the method men-cessful with the coherent lidar system, as mentioned above, greater efforts to decrease the pulse laser frequency chirp and improvements in output energy are required. Otherwise, it would be preferable to use another hybrid laser with a better performance in these areas.
One of the observed wind variations (Fig. 6 ) seems to have originated from the passage of a sea breeze front. The developed coherent Doppler lidar should be very useful for observing boundary layer dynamics and transport problems. The lidar should also be useful in observing the upper troposphere and lower stratosphere when a large telescope is used in a transmitting and receiving system to obtain high optical efficiency over longer distances. tioned in this paper. The TEA CO2 pulse laser oscillation frequency changes within one pulse because of LIMP (Laser Induced Medium Perturbations; Willetts and Harris, 1983) . The frequency chirp of our laser is about 10 MHz within a pulse. This frequency variation may cause spectrum broadening of the backseattered light frequency. However, for our laser, more than 80 % of the pulse energy is in the first 0.5 µsec of the total pulse duration of 2.5 sec. The 10 MHz frequency chirp of the laser occurs at the tail of the laser pulse or the latter 2.0 µsec of the laser pulse. The spectrum width of the lidar echo is just as shown in Fig. 4 . The Doppler shift of the backseattered echo can be calculated by the frequency of the power spectrum peak as in Fig. 4 . It is also possible to calculate the chirp effect after observation with the backscattering profile, since the chirp always undergoes the same time variation pattern. However, the effect of the chirp in observing wind would be serious if there were discontinuities in aerosol density, or if there were speckle in the echo. Therefore, further effort to decrease the chirp should be made to improve the measurement accuracy and the reliability of the lidar.
To assure the reliability of the lidar-observed wind profile, simultaneous lidar observation and conventional wind observation methods and data comparison are needed. This is planned as the next step.
Conclusions
Wind profiles to heights of approximately 500 m were observed with a coherent CO2 Doppler lidar. The configuration of the lidar is much simpler than Doppler lidar systems with an injection-locked TEA laser. The accuracy and reliability of wind measurements taken with a lidar are dependent on the frequency stability and output energy of the pulse laser. Though the measurement of wind was sue-
